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Stereoacuity experiments tested definitions of binocularly disparate spatial positions by perturbing 
the binocular correspondence of the two half-images. Dichoptic translations perturbed zero-order 
retinal positions; expansions perturbed first-order horizontal separations; rotations perturbed 
first-order orientations; and anisotropic expansions deformed first-order two-dimensional (2D) 
structure. Each transformation perturbed relative positions in the two half-images by more than 
100 arcsec, but stereoacuity thresholds remained about 10 arcsec. Binocular disparity involves 
second-order 2D differential structure of the monocular half-images, specifying local surface shape. 
Stereoacuity is much better than nonstereo acuity, suggesting that monocular spatial signals are 
binocularly correlated. © 1997 Elsevier Science Ltd 
Binocular disparity Stereopsis Stereoscopic a uity Spatial position Shape 
INTRODUCTION 
The binocular visual system is remarkably sensitive to 
relative spatial positions in the two monocular half- 
images. Disparity thresholds of 5-10 sec arc have been 
obtained by many investigators and with many different 
optical patterns. Stereoscopic thresholds may be about 
0.1-0.2% of the separation between target and back- 
ground features, whereas binocular thresholds for non- 
disparate (static) shifts of the same target within the same 
background are much larger, roughly 1% of the 
separation between features (Berry, 1948; Westheimer 
& McKee, 1979; McKee et al., 1990a). The extraordinary 
spatial sensitivity of stereopsis raises basic questions 
about both the monocular spatial signals and the 
binocular mechanisms that combine these signals. 
Theoretical models of stereopsis have focused mainly 
on the processing of binocular disparity (see Poggio & 
Poggio, 1984; Lehky & Sejnowski, 1990; Blake & 
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SThe term "dichoptic" isused here to refer to image transformations 
that are uncorrelated be~Iween the two monocular half-images. 
"Dichoptic expansions", forexample, refer to independent random 
expansions ofthe half-irnages: one image might be expanded by 
5% while the other half-image might be contracted by5%, with the 
magnitudes and signs of ;the two image transformations changing 
randomly and independently over time. This use of the term 
"dichoptic, differs from the recommendation by Howard & Rogers 
(1995) that all conditions involving presentation f separate 
patterns to the two eyes be considered dichoptic. In their sense, 
all the experimental conditions in the present study would be 
dichoptic. For pragmatic reasons, however, we have chosen to use 
"dichoptic" to designate conditions in which random image 
transformations were uncorrelated between the two eyes. The 
terms "correlated" and "uncorrelated" are more descriptive but 
more difficult o read. 
Wilson, 1991; Howard & Rogers, 1995). The definition 
of binocular disparity, however, entails a reference frame 
for specifying monocular spatial positions, but little 
research as investigated how monocular positions are 
visually defined. 
The present study addressed this issue by evaluating 
the detectability of several alternative forms of binocular 
disparity. Dichoptic~ image transformations randomly 
perturbed certain spatial relations while leaving others 
invariant. These dichoptic image perturbations were 
much larger than the detectable disparities for stationary 
patterns, and to the extent hat they affect the monocular 
position signals, they should perturb the disparities and 
impair stereoacuity. In contrast, if stereoacuity remains 
constant under a group of image transformations, then the 
monocular spatial signals must be invariant under these 
transformations. 
Five hypotheses 
Five alternative hypotheses about the definition of 
monocular spatial positions for stereopsis correspond to 
zero, first, or second spatial derivatives in either one or 
two spatial dimensions (Koenderink, 1990; Adelson & 
Bergen, 1991; Koenderink & van Doom, 1992a). 
Discrete representations of these five alternative spatial 
structures are illustrated in Fig. 1 along with correspond- 
ing local linear operators. 
The theoretical framework in this study does not 
distinguish between the specification of spatial posi- 
tion--e.g., by a "local sign"--and descriptions of the 
spatial luminance distribution, although these two 
properties often are implicitly distinguished in the 
literature. The five alternative hypotheses about spatial 
structure, as illustrated in Fig. 1, all involve linear 
operations on the luminance distribution and refer 
equally to either elative spatial positions or to spatially 
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FIGURE 1. Schematic structure of five primitive spatial relations and examples of corresponding local linear operators 
consisting of derivatives of a gaussian. The points in each structure may be regarded as located at the center of a particular 
differential operator, whose output is proportional to a weighted sum of the illuminance in its receptive field. When the dipole in 
the upper illustration isproperly positioned in the receptive field of the first-order operator in the lower illustration, for example, 
then the output of the operator would be zero. These structures and operators are intended only as schematic llustrations of the 
relevant spatial relations, rather than as the specific structure of practical measures or operators. Such operators would 
necessarily span a range of sizes, orientations, and positions. In the second-order 2D operator, for example, the central point is 
always a nondisparate reference position, and one axis is always aligned with the axis of rotation, though in practice neither of 
these properties i  given a priori. The output of the present operators i univariant, but measures ofthe second-order 2D structure 
at a particular location require independent measures of second-order disparities in at least three different directions (see 
Koenderink & van Doom, 1992b). The differential structure at a given image location, therefore, requires measures by a family 
of such operators. Koenderink & van Doom (1992a) discuss the rationale for using derivatives of a gaussian as local operators. 
continuous luminance distributions. One can also con- 
sider a larger set of  spatial operators that might involve 
nonlinear transformations of the luminance values and an 
independent reference frame for defining spatial positions 
(e.g., Hess & Wilcox, 1994; Wilcox & Hess, 1995, 1996; 
Fleet et al., 1996). The present experiments, however, 
directly addressed the visual specification of  spatial 
positions, without assuming that this is independent of  
the luminance distribution. The experimental manipula- 
tions involved only the relative spatial positions of  points, 
but the same conceptions may apply to continuous 
luminance distributions. Experimental evidence demon- 
strates that binocular disparity may be based on either the 
relative positions of  features or on luminance (e.g., Arndt 
et al., 1995; Mallot et al., 1995). Perhaps the image 
operators are the same for both forms of  disparity, but this 
hypothesis remains to be tested directly. 
Measures of  differential structure differ in complexity 
according to the number of  zero-crossing boundaries 
between eighboring spatial regions. Thus, the zero-order 
structure at a given position involves only one region; and 
first-order, one-dimensional (1D) structure involves a 
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FIGURE 2. Five qualitatively different steresocopic deformations ofsecond-order 2Dstructure produced by five surface shapes. 
(A) planar; (B) parabolic, horizontal cylinder; (C) parabolic, vertical cylinder; (D) elliptic, convex bump or concave dimple; (E) 
hyperbolic, saddle• The schematic 5-point figures in the middle row illustrate the relative positional displacements along the 
horizontal nd vertical midlines around acentral reference point. The illustrations in the bottom row are similar but illustrate the 
relative displacements of additional points in the image of the same surface patch• (The observer's task in the present 
experiments, however, required iscrimination ly between planar and elliptic structures.) 
contrast or difference between two regions. Similarly, 
second-order 1D differential structure ntails two bound- 
aries between three contrasting regions, providing 
information about a difference of  differences. First-order 
2D structure has the same complexity,  also involving 
relations among three spatial regions. The second-order 
2D relations descr ibed below have in effect a "fourth- 
order" complexity.* 
Different spatial reference frames remain invariant 
under different groups of  image transformations. The 
present experiments tested hypotheses about the mono- 
cular spatial posit ions by evaluating the effects of  various 
dichoptic image transformations on stereoacuity. 
Zero-order--retinal positions of single points. The 
monocular  posit ions of  :ul individual point or feature may 
be defined by its retinal posit ions in the two monocular  
half- images. 
First-order 1D--length and orientation of dipoles. 
Monocular  spatial struc~atre may entail pairwise relations; 
and binocular disparity may be defined by differences in 
horizontal separation or differences in orientation. Such 
spatial structure may be described by the Fourier power 
spectrum, dipole statistics, or f irst-order spatial deriva- 
fives. These monocular  spatial relations and binocular 
disparit ies are invariant under dichoptic image transla- 
tions. 
Second-order 1D--horizontal spacing among three 
points. Second-order spatial relations reflect the relative 
*Two potential confusions are associated with the terminology for 
describing the differential order of spatial structure. First, the 
present distinction between differential order and spatial dimen- 
sions is potentially ambiguous about he complexity and arrange- 
ment of the spatial relations. What we call "second-order 1D" 
structure has the same complexity as "first-order 2D" structure, 
both involving relations among three regions. Indeed, the first- 
order 2D structure may be described by second-order mixed partial 
derivatives. "Order" might, therefore, also refer to the complexity 
of the spatial relations, as Koenderink & van Doom (1992a) used 
the term. We also adopted this terminology in earlier drafts and 
presentations, but found that this was sometimes misunderstood. 
The present terminology is consistent with that in recent papers on 
optic flow (Koenderink & van Doom, 1992b; Dijkstra et al., 1994; 
Perotti et al., 1997)• A second important potential confusion 
concerns a different use of "second-order" in literature on motion 
perception--referring to potentially nonlinear properties, distin- 
guished from linear "first-order motion" which may be described 
by the Fourier power spectrum of the spatio-temporal luminance 
distribution. Cavanagh & Mather (1989) define "second-order 
motions" as displacements of spatial dipole structures, where the 
two values of the dipole may defined by disparity, color, 
illuminance, texture, etc. Many of these "second-order" properties 
are "non-Fourier", involving nonlinear functions of luminance, 
such as contrast-independent t xture features. The "second-order" 
relations in the present paper also are not representable by the 
Fourier power spectrum, but they are nevertheless linear because 
differentiation is linear. Local linear operators sensitive to these 
second-order relations may be obtained from second-order spatial 
derivatives of a ganssian (Koenderink, 1990). Despite these 
potential confusions, we adopted the terms "first-order" and 
"second-order" because they refer simply to the order of spatial 
derivatives in a given direction. 
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TABLE 1. Effects of dichoptic transformations on stereoacuity 
predicted by five alternative hypotheses about monocular spatial 
structure 
Isotropic Anisotropic 
Hypothesis Translation Rotation expansion expansion 
(1) Zero-order Yes Yes Yes Yes 
(2) First-order 1D 0 Yes Yes Yes 
(3) Second-order ID 0 0 0 0 
(4) First-order 2D 0 0 0 Yes 
(5) Second-order 2D 0 0 0 0 
"Yes" indicates that stereoacuity should be impaired, and "0" indicates 
that stereoacuity should remain i variant under the transformation. 
TABLE 2. Predicted slant 
Isotropic Horizontal Vertical ex- 
Hypothesis Rotation expansion expansion pansion 
(2) First-order 1D Yes Yes Yes No 
(3) Second-order 1D No Yes? Yes? No 
(4) First-order 2D No No Yes Yes 
(5) Second-order 2D No No Yes? Yes? 
Note: If the primitive spatial structure is second-order, as in 
Hypotheses 3 and 5, then predicted slant from image xpansions 
are ambiguous in some cases, depending on the visibility of 
reference standards in the frontal plane, which would entail 
changes insecond-order structure. The frame of the display screen 
was visible but not salient in the present experimental conditions. 
separations among three points. This relative spacing 
would remain invariant under changes in horizontal scale 
(expansions) that alter palrwise separations. Disparities 
of such structure carry information about horizontal 
surface curvature. 
First-order 2D---deformations of triangular patches. 
First-order relations in 2D entail a triangular arrangement 
of three points, invariant under translations, 2D rotations, 
and isotropic expansions of each half-image. Anisotropic 
expansions, with different scale changes in the two 
dimensions, however, would deform this first-order 
spatial structure. Binocular deformations provide infor- 
mation about he 3D orientations of local surface patches. 
Second-order 2D--deformations of images of local 
surface shape. These second-order 2D relations entail the 
relative positions of five points in a cross-like arrange- 
ment, with the center point as the origin or reference. 
These spatial relations remain invariant under image 
transformations produced by rigid translations and 
rotations in 3D. Binocular deformations of this structure 
provide information about local surface shape, as 
illustrated in Fig. 2. 
These second-order 2D spatial relations are potentially 
important because they are associated with local surface 
shape. The local shape of any smooth surface is one of 
only four types--planar, parabolic, elliptic, or hyper- 
bolic---depending on the presence and relative signs of 
the two principal surface curvatures at a given point. 
Each of these shapes produces a qualitatively different 
patten of binocular disparity, as illustrated in Fig. 2. The 
same image deformations also occur in optic flow 
pattens produced by objects rotating in depth (Koender- 
ink & van Doom, 1992b; Dijkstra et al., 1994; Lappin et 
al., 1995; Lappin, 1995). Perotti et al. (1997) recently 
found that observers can accurately identify the qualita- 
tive shapes pecified by the deformations of second-order 
structure in optic flow pattens, independent ofmotions in 
first-order structure (rotations, expansions, and slant). 
The present study used a similar approach, testing the 
effects of noise in lower-order disparity on the acuity for 
disparity in higher-order structure. 
Table 1 summarizes the predictions of these five 
alternative hypotheses regarding the effects of various 
dichoptic transformations on stereoacuity for depth 
difference between target and background. The present 
experiments tested these predictions. The predictions 
depend mainly on the differential order of the hypothe- 
sized monocular spatial primitives. These hypotheses 
also offer different predictions about the perception of 
slant, depending mainly on the dimensionality of the 
spatial primitives, as summarized in Table 2. The present 
experiments were not specifically designed to test 
predictions about perceived slant, though pertinent 
observations were available. 
Background theory and evidence 
A conventional definition of binocular disparity 
involves a difference in the retinal positions of a given 
feature in the two half-images. The validity of this 
definition rests on at least two important but usually 
implicit assumptions: (1) The spatial coordinate systems 
of the two retinas are assumed to be exactly congruent.* 
(2) The two eyes are assumed to be stably fixated on a 
common point imaged at the centers of the two foveas. 
Under these assumptions, the horizontal disparity be- 
tween the two monocular coordinates of a given feature 
indicates a difference in depth relative to the fixation 
point. Empirical support for this representation seems to 
be based mainly on physiological evidence that binocular 
cortical neurons are selectively tuned to various values of 
retinal disparity (e.g., Barlow et al., 1967; Pettigrew et 
al., 1968; Hubel & Wiesel, 1970; Poggio & Fischer, 
1977). Exactly how these physiological characteristics 
relate to the visual information about disparity is 
uncertain, however. In any case, this physiological 
information about absolute retinal disparity cannot 
account for stereoscopic acuity. 
Several ines of psychophysical evidence demonstrate 
the inadequacy of absolute disparities: (1) Binocular 
vergence errors under attempted steady fixation, eye 
movements, and head movements are too large to account 
for fine stereoacuity based simply on detection of 
absolute retinal disparity (Collewijn & Erkelens, 1990). 
*Measures of binocular disparity may depend on the choice of a 
particular coordinate system, although this often has been over- 
looked in the literature. Howard & Rogers (1995) (Ch. 7) and van 
Ee & Erkelens (1995a) compare several different potential 
coordinate systems. The present study of stereoacuity examined 
only the minimal detectable disparity, not its magnitude, bypassing 
questions about he coordinate system for measuring these 
disparities. 
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(2) Vision is insensitive to absolute retinal disparities 
(Regan et al., 1986). (3) Disparate retinal image motions 
have little or no effect on stereoscopic detection of 
disparity (Westheimer & McKee, 1978; Steinman et al., 
1985). Monocular spatiial signals must, therefore, involve 
the relative positions of multiple points, rather than 
absolute positions of hldividual points. 
Hypothesis 2 provides a more realistic representation 
of spatial structure--involving lengths and orientations 
of dipoles, as described by the Fourier power spectrum, 
for example. Such a re, presentation is widely adopted in 
contemporary theories of spatial vision based on both 
electrophysiology and psychophysics (cf. Adelson & 
Bergen, 1991; De Valois & De Valois, 1988; Graham, 
1989; Julesz, 1981; Olzak & Thomas, 1986; Wilson & 
Bergen, 1979). Such spatial information might be 
provided by neural receptive fields that operate as filters 
sensitive to first-order spatial derivatives at particular 
spatial ocations (Mart, 1982; Adelson & Bergen, 1991). 
This general represenl~ation has been adopted in several 
models of stereopsis (Julesz & Miller, 1975; Frisby & 
Mayhew, 1980; Grossberg & Marshall, 1989) in which 
the monocular spatial pattems are filtered by multiple 
band-limited spatial frequency channels. Consistent with 
this idea, both the lower (Schor & Wood, 1983) and upper 
disparity limits (Schor et al., 1984; Smallman & 
MacLeod, 1994) have been found to covary with spatial 
frequency. Yang & Blake (1991) found evidence of 
spatial frequency-tuned channels in stereopsis by study- 
ing masking between band-limited random-element 
stereograms, but their masking functions were character- 
ized by just two band-limited channels. Halpem et aL 
(1996) demonstrated ~Lat dichoptic differences in spatial 
frequency alone, however, were insufficient for perceiv- 
ing slant when relative positions of corresponding 
elements were controlled. More direct evidence against 
the sufficiency of both first-order disparities in feature 
separations and zero-order disparities in absolute position 
was reported by Rogers & Bradshaw (1995) and van Ee 
(1995; also van Ee & Erkelens, 1996b), who showed that 
dichoptic differences in horizontal scale are inadequate 
for perceiving slant in large-field stereogranls when there 
is no visible reference plane. 
Evidence of binocnlar sensitivity to disparities in 
orientation has been reported by several investigators. 
Cagenello & Rogers (1988) and Rogers & Howard 
(1991) found that stereopsis i  specifically sensitive to 
local orientation disparities around the vertical meridian 
when global orientation differences in the two half- 
images have been controlled. Von der Heydt (1978) used 
binocularly uncorrelated dynamic (100 Hz) random lines 
with disparate orientations toisolate orientation disparity 
from disparities in horizontal position and found that the 
orientation disparity was sufficient to produce perceived 
surface tilt. Physiological evidence of sensitivity to 
orientation disparities in single neurons was also reported 
by vonder Heydt et al. (1981) for cat cortex and by 
H~xmy et al. (1980) tor monkey cortex (also see De 
Valois & De Valois, 1988, pp. 306-307). Sensitivity to 
orientation disparity is also of interest because it might 
provide a simple mechanism responsive to deformations 
of 2D structure, as noted by Von der Heydt et al. (1981) 
and Koenderink (1986). Gillam & Rogers (1991) 
concluded that perceived surface slants were correlated 
with orientation disparity at the vertical meridian, but van 
Ee & Erkelens (1995b) demonstrated that Gillam and 
Rogers' results probably resulted from deformations of
higher-order structure. 
Recent evidence indicates that orientation disparities 
are insufficient for perceiving slant. Howard & Kaneko 
(1994) found that dichoptic yclorotation of two large- 
field half-images did not produce perceived surface slant. 
Mitchison & McKee (1990) found that perceived slant 
was sensitive to orientation disparities only in relation to 
a neighboring frame of reference. Rogers & Bradshaw 
(1995) and van Ee & Erkelens (1996) have also found 
that binocular slant perception is generally poor without a 
visible reference plane, even when slant is induced by 
other deformations of 1D and 2D first-order structure. 
Changes of relative orientation entail deformations of 
higher-order structure. 
One version of Hypothesis 3, involving second-order 
relations in the horizontal dimension, is Marr and 
Poggio's (Marr& Poggio, 1979) suggestion that the 
monocular primitives are zero-crossings in the second 
spatial derivatives, contours at which the intensities 
change most rapidly. They proposed that the pattern of 
zero-crossings could be approximated by the difference 
between two gaussians of different widths. They also 
proposed that such spatial filtering was applied hier- 
archically, with correspondences at coarse scales used to 
limit the range of potential matches at finer scales. 
Psychophysical evidence has not supported either of 
these ideas, however (Blake & Wilson, 1991; Mayhew & 
Frisby, 1981; Smallman, 1995). On the other hand, 
several studies have found greater sensitivity to second- 
order spatial derivatives of disparity, corresponding to
surface curvature, as compared with the first-order 
surface slant (Brookes & Stevens, 1989; Norman et al., 
1991; Rogers et al., 1988; Rogers & Cagenello, 1989; see 
Howard & Rogers, 1995, Ch. 12). These studies, 
however, do not distinguish the roles of the monocular 
signals from the binocular processing of these signals. 
A different line of evidence consistent with Hypothesis 
3 involving second-order structure concerns sensitivity to 
disparity of phase relations. The spatial frequency power 
spectrum is associated with pairwise relations, but the 
phase spectrum involves second-order structure invol- 
ving 3-point relations (Yellott, 1993). Physiological 
evidence indicates that sensitivity to binocular phase 
shifts, independent of retinal position, exists in both 
simple and complex cells in the cat's visual cortex 
(Freeman & Ohzawa, 1990; Ohzawa et al., 1990; 
DeAngelis et al., 1995). Psychophysical evidence for 
sensitivity to binocular phase disparity was recently 
reported by Smallman & MacLeod (1994), who eval- 
uated contrast sensitivity for binocular phase shifts in 
band-limited random-dot patterns. Computational studies 
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(Jenkin & Jepson, 1988; Fleet & Jepson, 1993; Fleet et 
al., 1996) have shown how reliable measures of 
disparities may be obtained from phase-shifts in spatially 
localized ban@ass filters at multiple scales and orienta- 
tions. Fleet & Jepson (1993) also show that these 
measures can be stable under binocular image deforma- 
tions produced by small rotations and translations of 
objects in depth. 
Hypothesis 4, that the monocular spatial primitives 
involve deformations of 2D images, was proposed by 
Koenderink & van Doom (1976). Related ideas were also 
suggested by Mayhew & Longuet-Higgins (1982), Gillam 
& Lawergren (1983), and Rogers & Koenderink (1986) as 
an explanation for the "induced effect" (Ogle, 1950)--- 
where anisotropic vertical expansion of one monocular 
half-image produces apparent slant in the horizontal 
direction. That is, a vertical expansion might be visually 
decomposed asanisotropic expansion plus a deformation 
that alters the horizontal scale relative to the vertical. 
Consistent with this idea, stereoscopic depth is not 
produced by isotropic expansion of one half-image 
relative to the other (Wheatstone, 1838; Julesz, 1971). 
Both horizontal and vertical disparities naturally occur in 
combination when surfaces are seen at close range and in 
the peripheral field, so that he perspective image is larger 
in one eye than the other. Accordingly, the relative 
magnitude of these vertical disparities varies with the 
viewing direction. As Howard (1970) pointed out, the 
horizontal gradient of the binocular ratio of vertical sizes 
provides information about he egocentric distance of the 
surface. Rogers & Bradshaw (1993, 1995) have now 
demonstrated that such 2D disparity patterns are visually 
effective in scaling the perceived epths and shapes of 
surfaces with wide-angle images, even when the simulated 
binocular vergence and absolute horizontal disparities 
are appropriate for a different egocentric distance. 
Hypothesis 5 is of interest partly because binocular 
disparity of second-order structure in 2D would provide 
information about the qualitative shape* of a local 
surface patch, as illustrated in Fig. 2, invariant under 
movements ofthe observer's eyes and head relative to the 
object. A growing body of research demonstrates a basic 
role of surface shape in stereopsis (e.g., Uttal et al., 1988; 
de Vries et al., 1993, 1994; Johnston & Passmore, 1994; 
Koenderink et al., 1996; Nakayama & Shimojo, 1992; 
Nakayama et al., 1989), even prior to determination f
binocular correspondence (Anderson & Nakayama, 
1994). The monocular position signals underlying these 
phenomena are uncertain, however. More direct evidence 
that the monocular signals may entail the second-order 
*Local surface shape is specified up to an affine transformation, 
ambiguous with respect to scale of the depth axis. The qualitative 
distinction between planar, parabolic, elliptic, and hyperbolic 
surface patches is specified by binocular disparity, but the metric 
structure of the local surface patch is not specified without accurate 
information about the object's distance from the observer, or its 
size relative to environmental coordinates. Relevant analyses can 
be found in the literature on shape from motion (Koenderink & van 
Doom, 1992b; Dijkstra et al., 1994; Lappin et al., 1995; Perotti et 
al., 1997). 
structure of Hypothesis 5 was provided recently by van 
Ee & Erkelens (1996b, 1997; van Ee, 1995): When 
stereoscopic patterns were whole-field and without a 
visible reference standard, perceived surface slant was 
difficult to perceive and was unaffected by dichoptic 
transformations that produced isparities of the various 
first-order structures of Hypotheses 2 and 4. When the 
same patterns were presented with a reference pattern, 
providing disparities in the second-order structures of 
Hypotheses 3 and 5, then depth and slant were readily 
visible. 
Another line of evidence pointing to monocular 
primitives involving surface shape comes from experi- 
ments with smoothly shaded images without disparities 
in contours or other distinct extural features (Btilthoff & 
Mallot, 1988; Arndt et al., 1995; Mallot et al., 1995). 
Systematic tests have shown that binocular disparities of 
neither edges nor extrema nor of the overall centroids of 
the luminance distributions are necessary for perceiving 
stereoscopic depth. Rather, disparities in the second- 
order luminance profiles associated with positions of 
curved surfaces are evidently sufficient. Blake & Biilthoff 
(1990, 1991) also demonstrated that the depth locations 
of specularities are generally correctly perceived on the 
surface, even though the relative positions of the 
specularities in the half-images are opposite those 
associated with surface texture--indicating that both 
the optical input and the perceptual output of stereopsis 
entail surface shape rather than positions and depths of 
individual features. 
To summarize, research in the past two decades 
demonstrates that the traditional definition of binocular 
disparity as a difference in the absolute retinal positions 
of an individual feature is incorrect. Stereoscopic 
mechanisms might be sensitive to multiple forms of 
disparity (Howard & Rogers, 1995, Ch. 7), but disparities 
of even first-order structure, involving pairwise separa- 
tions and orientations, appear to be inadequate for 
stereoscopic depth perception without a visible reference 
plane. Recent research on stereopsis has increasingly 
pointed to the fundamental importance of surface 
structure, but questions remain about the monocular 
spatial signals that support surface perception. 
GENERAL METHOD 
These experiments were designed to identify a 
detectable disparity in the relative position of a single 
target within a circular background. Binocular spatial 
relations were manipulated by random dichoptic trans- 
formations of the monocular half-images. The goat was 
to determine what specifies relative spatial positions. 
Optical patterns 
The spatial patterns in all these experiments consisted 
of dots displayed on each of a pair of point-plot CRT 
display scopes (Tektronix 608, with P31 phosphor) in a 
haploscopic system adjustable to the interocular separa- 
tion and vergence of each observer. These displays were 
viewed from a distance of 115 cm in a dimly lit room. 
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The diameter of each dot was about 0.25 mm (45 arcsec). 
The ambient illumination was sufficient to permit 
visibility of the display screens and their position in the 
surrounding room. The stimulus patterns were controlled 
by a Macintosh compnter with a 16-bit D/A interface 
(MacAdios), providing 0.23 arcsec between adjacent 
positions. 
Each half-image was composed of 20 dots equally 
spaced around the circumference of a circle 1.0 deg in 
diameter with a small (3.6 arcmin diameter) cross-shaped 
target composed of five dots in the middle of the circular 
background. This small cross-shaped target appeared at 
first glance as a single larger dot, but its detailed structure 
aided control of accommodation. An approximately 
scaled illustration of the optical patterns is shown in 
Fig. 3. 
In most experimental conditions the two half-images 
were randomly transformed every 100msec for 20 
frames, with the 2D positions of the patterns randomly 
selected in each frame, independently ofthe other frames. 
Thus, the patterns were displayed for a total of 2 sec on 
each trial. The 100 msec frame duration was chosen as 
sufficiently rapid to preclude compensatory eye move- 
ments but slow enough to prevent visual temporal 
integration of the sequential dot positions, since both of 
these processes might compensate for disparities in the 
retinal positions produced by binocularly uncorrelated 
translations. Subsequent control observations indicated 
that essentially the same performance occurred with 
50msec frames; and for dichoptic expansions, not 
reversible by eye movements, a single 2 sec frame also 
yielded essentially the same performance as the series of 
100 msec frames. 
Spatial transformat~!ons. Three main groups of trans- 
formations were Translations, Expansions, and Aniso- 
tropic Expansions. Let (x, y) be the position of a given 
point, and let (x', y') be its position in the next frame. Both 
positions were obtained by independent random selec- 
tions from a set of 11 equally likely and equally spaced 
values. Translations were rigid displacements of the 
entire pattern in both horizontal and vertical directions: 
x' = a + x, y' = b + y, where a and b were independent 
random variables uch that x and y each had a range of 
+ 1.5 arcmin, yielding RMS displacements of r.34 arc- 
rain both horizontally and vertically (1.9 arcmin total). 
Expansions were isotropic expansions or contractions of 
the whole pattern around its center: x' = cx, y '= cy, 
where c was a random variable with a range 1 _+ 0.067, 
displacing each point within a range of ___2 arcmln, 
producing RMS displacements of 1.79 arcmin. Aniso- 
tropic Expansions were similar, but with independent 
expansions and contractions in the horizontal and vertical 
directions: x' -- cx, y' -- dy, where the scalars c and d were 
independent random variables. Three different versions 
of these Anisotropic ]Expansions were used in Expt l: 
Horizontal Expansions, where c varied randomly and 
d = 1; Vertical Expansions, where d varied randomly and 
c = 1; and Independent X and Y Expansions, where c and 
d both were independent random variables. 
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FIGURE 3. Illustrations of stimulus displays used in Expts 1A, 2, and 
3. The scale of these illustrations is similar to the actual patterns, 
though there were no rectangular borders as in these illustrations, and 
the 5-point cross-shaped target in the center is more clearly defined in 
this illustration than in the actual patterns. If the upper pair of patterns 
is fused by converging the eyes, then the target in the center should 
appear in front of the circular background. In the lower pair, the 
vertical axis of the right half-image has been expanded and the 
horizontal axis contracted by 6%. Because of this affine scale 
transformation, the circular background should appear rotated in depth 
around the vertical axis, but the separation between the target and 
background plane should still be visible. (Because of the reduced 
image size used for publication, the disparity and depth in this 
illustration are less visible than intended. Apparent depth may be 
enhanced by holding the illustration farther from the eyes and by 
divergent rather than convergent fusion.) 
The image displacements produced by these transfor- 
mations were very visible, with RMS values roughly 10 
times larger than the disparity thresholds. The effects of 
the magnitude of image expansions are examined irectly 
in Expt 3. We have found in subsequent work that the 
binocularly uncorrelated translations can be much larger, 
however, with RMS displacements greater than 5 arcmin 
without affecting stereoacuity. 
In some conditions these transformations were Bino- 
cularly Correlated, applied equally to both monocular 
half-images, and in other conditions they were binocu- 
larly uncorrelated orDichoptic, applied independently to
the two half-images. The Binocularly Correlated trans- 
formations, of course, simply moved the fused stereo- 
scopic images, with no disparities in the relative positions 
of the target and background patterns. The Dichoptic 
transformations, however, produced various binocular 
differences between absolute positions in the two half- 
images--with RMS values of 1.34 arcmin both horizon- 
tally and vertically for the Dichoptic Translations, and 
1.79 arcmin for the Dichoptic Expansions. To verify the 
stereoscopic sensitivity to these dichoptic changes in 
position, an additional control condition involved 
Dichoptic Translations of only the background, with no 
movement of the target---disrupting correspondence of 
spatial relations pertinent to all five hypotheses. 
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Task and procedure 
The observer's task in all experiments was to detect a 
difference in the relative positions of the target and 
background. On half the trials the target and background 
were coplanar, and on the other trials the target was 
slightly in front of the background.* (The relative 
disparity of the target and background was unaffected 
by the dichoptic image transformations described above, 
which were applied to the 2D images after specifying the 
disparity of the target. Thus, when the image transforma- 
tion was a Translation, the image coordinates of all the 
points in both target and background were shifted by the 
same value. The Expansion transformations, however, 
were applied only to the surrounding circular back- 
ground, and not to the target.) 
Each block of trials typically consisted of 32 experi- 
mental trials, preceded by eight practice trials, in which the 
two values of disparity were presented in alternating order. 
Each trial was initiated by the observer, and auditory 
feedback occurred after each correct response. Each 
session contained four such blocks of trials, the first of 
which presented the largest value of disparity for that 
observer and condition, and subsequent rial blocks 
contained successively smaller values of disparity, usually 
decreasing by 5 arcsec in each succeeding block. There 
was a break of several minutes between trial blocks, during 
which the observer ecorded the data for that condition, 
selected the appropriate parameter file for the next block, 
and initiated the next block of trials. Each session was 
devoted to a single experimental condition, as character- 
ized by the particular geometric relationship between the 
two monocular half-images. A single session required 
about 20 min. Two such sessions were usually conducted 
in a single sitting, involving two different experimental 
*Some readers questioned the rationale for this stereoacuity task, 
suggesting that observers should have discriminated crossed vs 
uncrossed isparities, as in many other recent studies of 
stereoacuity. The present task merely required etection of 
disparity, but perhaps not a depth discrimination per se. Both 
tasks, however, simply involve discriminating relative spatial 
positions. A qualitative psychophysical or physiological distinction 
between crossed and uncrossed disparities i  not applicable tothe 
small disparities in the present experiments, hough at larger 
disparities additional information can sometimes permit disparity 
detection by monocular cues without discriminating relative 
depths. To verify the essential equivalence of these two tasks for 
the present displays, observer WDC collected additional supple- 
mentary data using a discrimination task in which the target was 
located either in front or behind, and never coplanar with the 
background. Thresholds were obtained for two of the conditions 
examined previously in Expt 1A, for Stationary and Dichoptic 
Anisotropic Expansions. The threshold values obtained for these 
discriminations of targets located in front vs behind the background 
were 9.0arcsec for Stationary patterns and 10.7 arcsec for 
Dichoptic Anisotropic Expansions; and these compare to values 
of 9.0 and 10.9 arcsec, respectively, for WDC in the same 
conditions in Expt 1A. Both sets of values refer to the distance 
between the two alternative positions of the target. Investigators 
using the crossed/uncrossed discrimination task sometimes specify 
thresholds as distances between the target and background--half 
the distance between the two alternative target positions and half 
the values reported inthis paper. 
conditions. Data were collected in three such trial blocks 
for each observer under each of four different values of 
disparity for each experimental condition, totalling 96 
trials for each observer, disparity, and condition. 
EXPERIMENT 1AmDICHOPTIC TRANSLATIONS 
AND EXPANSIONS 
This experiment was the main part of this study. It 
evaluated the effects of Dichoptic Translations and 
Dichoptic Expansions on stereoacuity for binocular 
differences in relative positions of the target and back- 
ground. 
Method 
Experimental conditions. The effects of the Translation 
and Expansion transformations were studied in two 
separate sub-experiments. 
The effects of Translations were examined in five 
conditions: The condition of primary interest involved 
Dichoptic Translations, where the horizontal and vertical 
positions of the whole pattern, target plus background, 
were randomly translated independently in the two half- 
images. The other four Translation conditions were 
controls. To verify that performance was sensitive to 
relative positions of the target and background, the 
Dichoptic Translations/Stationary Target condition in- 
volved dichoptic translations applied only to the back- 
ground, while the target remained stationary in both half- 
images. The relative positions of the target and back- 
ground were, therefore, randomly disparate, and Hypoth- 
eses 2-5 all predict significant declines in stereoacuity in
this condition. The other three Translation conditions 
involved no binocular disparity in either the absolute or 
relative positions of the target, and were included to 
evaluate the effect of image motion on stereoacuity. In the 
Stationary condition, the two monocular half-images were 
identical and stationary throughout he 2 sec display 
duration. In the Correlated Translations condition the 
patterns underwent random horizontal and vertical trans- 
lations identical in both eyes. For Correlated Translations/ 
Stationary Target, the circular background was subjected 
to binocularly correlated random horizontal and vertical 
translations but the central target remained stationary in 
both half-images. (The target appeared to jitter randomly 
while the background appeared stationary, however.) 
Seven conditions evaluated the effects of Dichoptic 
Expansions. Three of these corresponded to the Transla- 
tion conditions: Stationary, Correlated Expansions, and 
Dichoptic Expansions, where the circular background 
was expanded and contracted isotropicaUy around the 
center of the pattern. In three additional Anisotropic 
conditions, the two half-images expanded ichoptically 
around either the horizontal or vertical axes or both 
independently: Dichoptic Horizontal Expansions, Di- 
choptic Vertical Expansions, and Dichoptic Independent 
X&Y Expansions. In a control condition intended to 
disrupt binocular correspondence of the background, 
involving Dichoptic Rotations + Independent X&Y Ex- 
pansions, independent dichoptic rotations were applied to 
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the circular background, while the central target pattern 
remained unchanged. The range of rotations was 
___30 deg, with 11 equally likely values (separated by 
6 deg). Because the background contained 20 points 
separated by 18 deg rotation and because the two half- 
images usually differed by more than 9 deg rotation, the 
nearest neighboring dot in the other half-image usually 
was not the corresponding dot on the background pattern 
in the other half-image. The major axes of the bilaterally 
symmetric deformations therefore usually differed be- 
tween the two half-in~Lages, but the monocular patterns 
and deformations were otherwise similar to those 
produced by the other dichoptic expansions. 
The five alternative hypotheses make different predic- 
tions about the effi~cts of the various Dichoptic 
transformation conditions. According to Hypothesis 1, 
all of the Dichoptic conditions involve changing 
binocular disparities a:ad all should produce decrements 
in stereoacuity, but by Hypothesis 5, neither the 
Dichoptic Translations nor Dichoptic Expansions or 
three Anisotropic Dichoptic Expansions affect binocular 
disparity and none of these five conditions should 
produce decrements i~L stereoacuity. All five hypotheses 
agree that binocular disparities and perceived epths will 
be unaffected by all of the Binocularly Correlated 
conditions. Hypotheses 2-5 also agree that binocular 
disparities will be disrupted and stereoacuities reduced in 
the Dichoptic Translations/Stationary Target and the 
Dichoptic Rotations + X&Y Expansions conditions. The 
latter two Dichoptic conditions, as well as the Stationary 
and Binocularly Corre.lated conditions erve as control 
standards with which to compare performance in the 
other Dichoptic conditions. 
Procedures. Each experimental session was devoted to 
a single transformation condition. Sessions devoted to the 
Translation and Expansion conditions comprised two 
separate sub-experiments, with each observer completing 
all of the sessions devoted to one of these two 
transformations before beginning sessions involving the 
other type. The sequential order of the various transfor- 
mation conditions within each of these two sub-experi- 
ments was randomized and replicated three times for 
each observer, with a different random order for each 
replication. 
Observers. Three people volunteered as observers. 
Two had extensive previous experience in psychophysi- 
cal tasks; the other had little such experience before this 
experiment. One observer was the second author, another 
served as a paid volunteer, and the other participated for 
educational credit. All understood the purpose of this 
experiment, and all had practice prior to the collection of 
data, to insure that stereoacuity was near an optimum for 
this task. All had vision that was normal or corrected to 
normal. 
Results and discussion 
A stereoacuity threshold for each condition was 
obtained from the psychometric functions for each 
observer under each condition. Each such function was 
constructed from the detection accuracies for four values 
of disparity. The detection accuracy for each disparity 
and each observer was evaluated by the choice-theory 
measure, - In ~/.* A linear psychometric function was fit 
to the four pairs of disparity and accuracy by a minimum 
chi-square procedure, and the "threshold" was the 
disparity corresponding to discrimination accuracy of 
- In r/= 1.0 (probability of correct response =0.731). 
Representative psychometric functions for observer 
WDC are shown in Fig. 4 for several key conditions. 
Stereoacuity hresholds for the Translation conditions 
are shown in Fig. 5(A). The principal result was that 
stereoacuity for Dichoptic Translations was approxi- 
mately the same as that for Stationary and other 
Binocularly Correlated patterns. The mean threshold 
value for the three observers in the Dichoptic condition 
was 10.5 arcsec, and for the three Binocularly Correlated 
patterns the means were 9.0, 8.2 and 10.6 arcsec for the 
Stationary, Correlated Translations, and Correlated 
Translations/Stationary Target conditions, respectively. 
In the control condition, Dichoptic Translations/Station- 
ary Target, the thresholds for all three observers rose 
sharply, with a mean of 44.8 arcsec. The poor perfor- 
mance in this control condition demonstrates that 
performance was sensitive to the binocular relation 
between the target and background. Good performance 
for the Dichoptic Translations evidently was not based on 
temporally averaged positions or disparities of the 
background, nor on absolute disparities of the target. 
Disparity thresholds for the Expansion conditions are 
shown in Fig. 5(B). The principal finding was that the 
thresholds for all four of the Dichoptic Expansion 
conditions, both isotropic and anisotropic, were similar 
to those for the Stationary and Correlated Expansion 
conditions: the mean thresholds averaged over the three 
observers in the Dichoptic Expansions, Dichoptic 
Horizontal Expansions, Dichoptic Vertical Expansions 
and Dichoptic Independent X&Y Expansions, respec- 
tively, were 12.4, 12.7, 11.0 and 13.5 arcsec; whereas 
those in the Stationary and Correlated Expansion control 
conditions were 10.1 and 11.1. In contrast, in the control 
condition Dichoptic Rotations + X&Y Expansions, the 
average threshold increased to 31.3 arcsec. (As in the 
Translation conditions, variations between conditions 
were larger for GPH than for the other two observers. For 
WDC and DLM, the average threshold for the Stationary 
and Correlated Expansions was 9.4 sec arc; the average 
for all four of the Dichoptic Expansion conditions was 
10.4 sec arc; and the average for the Dichoptic Rota- 
tions + X&Y Expansions was 23.9 sec arc.) 
The effects of these transformations onthe appearance 
of the patterns are also pertinent. As would be expected, 
*This measure was computed from the frequencies of the four 
stimulus-response combinations by the formula: - In  r/=(l/2) 
ln[(SoR0 + 0.5) x (SIR1 + 0.5)/(SoRI + 0.5)/(S1Ro + 0.5)], where 
SiR j is the frequency of response Rj to stimulus Si. This measure 
is very similar to the signal detection theory measure, d', with 
d' ~ 1.23 (- In r/). Both measure the discriminable distance between 
the two stimulus alternatives and both correct for response bias. 
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FIGURE 4. Representative psychomelric functions for observer WDC in Expt IA. Each data point represents 96 trials. 
Correlated Translations and Expansions produced visible 
displacements within the image plane without changing 
the relative depth of the target and background. Dichoptic 
Translations, however, produced less apparent motion, 
because these motions had two vector components-- 
common motions in the image plane which were quite 
visible, and disparate motions in the depth axis which 
were not. When the central target remained stationary 
while Dichoptic Translations were applied only to the 
background, relative depths of the target and background 
seemed ambiguous, but depth motion per se was not 
visible. 
The perceived motions produced by the various types 
of Dichoptic Expansions are particularly important. First, 
the isotropic Dichoptic Expansions produced very little 
apparent motion or change in size. Apparently, the 
binocular visual system simply fuses these two mono- 
cular images with the same shape but different retinal 
size, yielding no effective disparity. Second, the 
Anisotropic Dichoptic Horizontal, Vertical, and Inde- 
pendent X&Y Expansions all produced some perceived 
depth rotation around the vertical axis plus some 
isotropic changes in size (greater apparent size change 
than for isotropic Dichoptic Expansions, but less than for 
Correlated Expansions). The apparent rotation in depth 
produced by Dichoptic Vertical Expansions i  a version 
of the "induced effect" (Ogle, 1950). 
This set of results is consistent with Hypothesis 5 and 
inconsistent with Hypotheses 1-4: 
1. The robust maintenance of stereoacuity under 
Dichoptic Translations requires rejection of Hypoth- 
esis 1. Binocular disparity and correspondence 
depend on the relative positions of the target and 
background, consistent with Hypotheses 2-5. 
2. The maintenance of stereoacuity under both iso- 
tropic and Anisotropic Dichoptic Expansions, which 
disrupted the first-order disparities, suggests that 
correspondence and disparity are defined by second- 
order elations, consistent with Hypotheses 3 and 5. 
3. The finding that (a) the isotropic Dichoptic Expan- 
sions had no subjectively visible effects; while (b) 
all three of the Anisotropic Expansion conditions 
produced the same perceived epth rotation imply 
that binocular correspondence and disparity are 2D 
properties, consistent with Hypotheses 4 and 5. 
Binocular correspondence and disparity seem to entail 
second-order p operties in 2D. 
EXPERIMENT 1B---DICHOPTIC ROTATIONS 
The maintenance of stereoacuity under both isotropic 
and Anisotropic Dichoptic Expansions indicates that 
binocular disparity does not depend on the first-order 
relations associated with pairwise separations, but these 
dichoptic perturbations do not affect another first-order 
relation--orientation disparity near the vertical meridian. 
Experiment 1B tested the role of this first-order relation 
by examining the effects of dichoptic rotations. 
Method 
Optical patterns. The background patterns differed 
slightly from those in the other experiments, to permit 
binocular correspondence under modest amounts of 
dichoptic rotation. The background patterns consisted 
of 16 dots arranged in eight pairs, at the ends of the 
horizontal and vertical meridians and at the ends of the 
diagonals, equally spaced 30 arcmin from the center of 
the circular background. The two dots in each pair were 
separated by 7.76 arcmin (15 deg rotation) around the 
circumference of the background, symmetrically spaced 
at the ends of the horizontal, vertical, and diagonal axes. 
Transformations. The principal transformation was 
Dichoptic Rotation. Both monocular half-images rotated 
up to _+3.82deg around their centers, producing a 
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FIGURE 5. Stereoscopic d sparity thresholds for each condition and each observer inExpt 1A. The Stationary conditions for 
these two graphs were the same, though the data were collected indifferent sessions. 
maximum difference in absolute horizontal positions at 
the top and bottom of ~the background of ___ 4 arcmin and 
RMS value of 1.8 arcmin. In a Stationary control 
condition, the same background patterns were stationary 
in each half-image. 
A third condition involved combined Dichoptic 
Rotations + Expansions, formed from independent vector 
additions of rotations and isotropic expansions applied 
independently to each monocular half-image. The 
magnitudes of both the rotation and expansion compo- 
nents were reduced to v/-2/2 times those in the Dichoptic 
Rotations and in the Dichoptic Expansions of Expt 1A. 
The angular otations in this condition were __ 2.70 deg 
and the expansions were ___ 4.71%. These two orthogonal 
components of the Dichoptic Rotations + Expansions 
displaced each of the background ots in orthogonal 
directions, so that the total horizontal and vertical 
distance between the corresponding background ots in 
the two half-images was the same as for the Dichoptic 
Rotations and the Dichoptic Expansions of Expt 1A, with 
an RMS distance of 1.8 arcmin. 
In all three conditions, the target underwent binocu- 
larly correlated translations with a range of _ 2.1 arcmin 
in both horizontal and vertical positions (RMS total 
translations =2.66 arcmin). These translations had no 
effect on the target's disparity relative to the background, 
making the target appear to randomly jitter within a plane 
either in front of, or coplanar with, the background. The 
purpose of this random jittering of the target was to 
reduce the possibility that the target's disparity might be 
detected relative to the time-averaged background 
position, to better ensure that the visible disparity 
entailed the momentary relative positions of the target 
and background. 
Procedures. Four values of disparity--5, 10, 15, and 
20 arcsec--were tested in each of the three conditions. 


























9 - 0.73 ~ 
0.50 
10 15 20 25 
Disparity (arcsec) 
FIGURE 6. Psychometric functions for each condition and observer inExpt lB. Each data point represents 100 trials. 
The Stationary and Dichoptic Rotation conditions were 
tested first, in two sessions, each consisting of eight 
blocks of 50 trials, with the disparity decreasing in 
successive blocks. In the first session, the Stationary and 
Dichoptic Rotation conditions were both tested in 
counterbalanced order in successive blocks of trials at 
the same disparity before reducing the disparity for the 
next two blocks of trials. The procedure was the same in 
the second session. There was a total of 100 trials at each 
disparity in each condition. The third session was devoted 
to Dichoptic Rotations + Expansions. The four disparities 
were tested in descending order in the first four blocks of 
trials, and this descending order was repeated in the last 
four blocks, for a total of 100 trials at each disparity. 
The two authors erved as observers. 
Results and discussion 
Figure 6 shows the psychometric functions for each 
observer in each condition. Dichoptic Rotations and 
Dichoptic Rotations+Expansions had little effect on 
stereoacuity. The disparity thresholds in the Stationary 
condition were 7.1 arcsec for both WDC and JSL, and 
were 10.2 and 9.4 arcsec for the Dichoptic Rotations, and 
11.7 and 11.5 arcsec for the Dichoptic Rotations + Ex- 
pansions. Dichoptic patterns produced consistently but 
only slightly worse performance than Stationary patterns. 
Thus, stereoacuity is not dependent on orientation 
disparity between target and background. This result is 
compatible with the results of Howard & Kaneko (1994) 
and Mitchison & McKee (1990). 
EXPERIMENT 2---STEREOSCOPIC VS 
NONSTEREOSCOPIC ACUITY 
The acttities in Expt 1 were better than those typically 
found for comparable nonstereoscopic tasks involving 
detection of offsets from bisection or relative position 
(De Valois et al., 1990)---where thresholds are usually 
about 1-2% of the separation between flanking features, 
as compared with the above stereoacuity Weber fractions 
less than 0.3% (10arcsec disparity for 30arcmin 
separations between target and background). Experiment 
2 was designed to directly compare stereoscopic and 
nonstereoscopic acuities. 
Potentially relevant monocular information about he 
target's position at the center of the background was 
reduced by randomly jittering the binocular position of 
the target. As in Expt 1B, binocularly correlated random 
translations were applied to the target but not the 
background; and these had no effect on the binocular 
disparity. This method was motivated by an earlier 
experiment in which one observer, WDC, achieved 
acuities with the nondisparate patterns that were only 
slightly worse than his stereoacuities. 
Method 
Optical patterns and conditions. Four experimental 
conditions involved either binocularly Disparate or 
Nondisparate offsets of the average target positions, 
while the background was either Stationary or underwent 
Dichoptic Expansions. The Dichoptic Expansions dif- 
fered slightly from those in Expt 1A: one monocular half- 
image expanded randomly by 0-6%, while the other 
contracted independently by the same amount. The 
binocular difference inthe background radius thus ranged 
from 0 to 3.6 arcmin, with a mean of 1.8 and an RMS of 
1.97 arcmin. (In Expt 1A, the range was ___ 2 arcmin, with 
a mean of 0.) Which one of the two half-images xpanded 
and which contracted varied randomly between sessions 
and observers. 
The binocularly correlated translations of the target 
were the same as those in Expt 1B (___2.1 arcmin in both 
horizontal and vertical positions). In other respects the 
optical patterns were like those in Expt 1A. 
Procedures. Two of the observers in Expt 1A (WDC 
and DLM) each served for 12 sessions. Each session was 
devoted to a randomly selected one of the four main 
experimental conditions and was composed of four 
blocks of 40 experimental + 4 practice trials. Each of 
the four blocks was devoted to a different magnitude of 
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FIGtrRET. " Psychometric functions for detecting binocularly disparate and nondisparate target offsets in Expt 2 (120 trials per 
data point). 7llae values of the offsets for the disparate condition are half the value of the binocular disparities. 
binocularly Disparate or Nondisparate offset of the 
average target position in the two half-images, with the 
magnitudes decreasing in the four blocks in each session. 
All these experimental conditions were replicated three 
times, once within each successive set of four sessions for 
each observer, yielding 120 experimental trials for each 
target offset in each co~adition for each observer. 
Results and discussion 
The psychometric functions for each observer in the 
four experimental conditions are shown in Fig. 7. The 
most obvious result was that the target offsets were much 
more visible when the), were binocularly disparate than 
when nondisparate. (The values in Fig. 7 for the 
Disparate condition are monocular offsets, one-half the 
binocular disparities.) Stereoscopic sensitivity to bino- 
cularly disparate offsets is far greater than binocular 
sensitivity to nondisp~xate offsets. Thresholds for the 
binocularly Disparate ,offsets were almost an order of 
magnitude smaller than those for the Nondisparate 
offsets--3.8 and 5.3 arcsec for the Stationary and 
Dichoptically Expanded backgrounds, respectively, com- 
pared with 37 and 39.1 arcsec in the corresponding 
Nondisparate conditions. The slopes of the psychometric 
functions were also more than four times steeper in the 
Disparate than in the Nondisparate condition. 
As in Expt 1, Dichoptic Expansions had little effect on 
detectability of binocular disparity. The disparity thresh- 
olds for these two observers were about 3 arcsec larger 
when the background underwent Dichoptic Expansions 
than when it was Stationary. The Dichoptic Expansions 
had no apparent effect on detecting Nondisparate offsets. 
The negligible effect of Dichoptic Expansions on 
stereoacuity bolsters the evidence from Expt 1 that 
visible binocular disparity is defined by the second-order 
spatial relations betwe, n target and background. The 
binocular difference in the background radius changed 
randomly over a range of 0-216 arcsec, but the threshold 
disparity in the relative target position remained at about 
10 arcsec, about he same as in Expt 1, when both target 
and background were stationary. 
The superior acuity for binocularly disparate as 
compared with nondisparate arget positions is theoreti- 
cally interesting, for it implies that the monocular spatial 
inputs for stereopsis are coherent, hat the limiting noise 
is highly correlated: if the target displacements in the two 
eyes were visually independent, then the disparity 
threshold would be about wice that for the nondisparate 
offsets and equal to the square root of the sum of squared 
thresholds for the two monocular targets. If the two 
monocular thresholds are assumed to equal the thresholds 
for nondisparate offsets (a conservative assumption, 
ignoring probabilistic summation), then the stereoscopic 
correlation between the two monocular signals can be 
computed from the thresholds for the disparate and 
nondisparate offsets using the law of cosines.* For the 
data in Expt 2, the estimated binocular correlation 
*Let the two monocular thresholds be represented byvectors joined at a 
common origin, with lengths proportional to the respective thresh- 
olds. The binocular disparity threshold corresponds tothe difference 
vector between the tips of the two monocular vectors, forming a 
triangle. If the two monocular signals were independent, then the 
length of the disparity or difference vector would be greater by a 
factor of ~-2 than the length of the monocular vectors, and the 
threshold for detecting either one or both of the binocularly 
independent ondisparate offsets would be lower by a factor of 
~f-2/2 than either of the two monocular thresholds owing to 
probabilistic summation. Because disparity thresholds typically are 
much smaller than the thresholds for either monocular or nondisparate 
binocular offsets, then the angle between the two monocular vectors 
must be much smaller than 90 deg. This angle can be computed from 
the monocular and disparity thresholds by the law of cosines. The 
cosine of the angle between two vectors is equivalent to the product- 
moment correlation. Thus, when the disparity threshold is smaller 
than the thresholds for either the monocular or binocular nondisparate 
offsets, then the two monocular signals are positively correlated. 
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FIGURE 8. Stereoacuity thresholds a a function of the binocular difference in radius of the background patterns in Expt 3. The 
diagonal straight line shows the points at which disparity of the relative positions of target and background is equal to the 
aboslute differences in the background radii n the two half-images. 
coefficients for the Stationary patterns were 0.98 for both 
WDC and DLM, and for the Dichoptic Expansions the 
estimates were 0.96 and 0.97 for WDC and DLM, 
respectively. The phase structures of the monocular 
spatial signals evidently are highly coherent. 
Essentially the same conclusion was reached by Legge 
& Gu (1989), based on effects of unequal monocular 
contrasts on the detectability of binocular disparity of 
sine-wave gratings. Indeed, their estimates of the 
binocular correlation between the noise in the monocular 
position signals averaged 0.98 for their two observers, the 
same as estimated by different methods in the present 
experiment. The present results and those of Legge & Gu 
(1989) corroborate Westheimer's (Westheimer, 1979) 
suggestion that the stereoscopic mechanism resembles a 
differential mplifier. 
EXPERIMENT 3--TOLERANCE FOR DICHOPTIC 
SIZE DIFFERENCES 
The preceding experiments examined ichoptic trans- 
formations of positions in the two retinal half-images, but 
the range of these dichoptic differences inretinal position 
was not explored. Experiment 3 investigated the 
stereoacuity effects of the range of dichoptic differences 
in retinal position produced by isotropic Dichoptic 
Expansions. 
Method 
Conditions. The spatial transformations were always 
stationary isotropic Dichoptic Expansions, with a fixed 
difference in size of the circular background in the two 
half-images that was constant for the 2 sec duration of the 
display. A circular background with 30 arcmin radius 
was displayed to one eye (right or left, randomly selected 
on each trial), while the radius of the background in the 
other eye was isotropically expanded by _+ 1.8, 3.6, 5.4, 
7.2 or 10.8 arcmin. In other respects the patterns and 
conditions were the same as in Expt 1A. 
Procedure. The observer's task was the same as in the 
other experiments. Each experimental session was 
devoted to one of the five magnitudes of dichoptic 
expansion. The order of experimental sessions was 
randomized and replicated three times for each observer, 
with a different random order for each replication. Four 
blocks of trials in each session were devoted to four 
successively decreasing target disparities. One observer 
who had not participated in Expt 1 also performed three 
sessions with stationary control patterns of 30 arcmin 
radius in both eyes. 
Observers. Three volunteers participated in Expt 3, 
two of whom (WDC and GPH) had served in Expt 1A and 
another (EJH) who had not. All three observers were well 
practiced. 
Results 
Figure 8 shows the stereoacuity hresholds for each 
condition and observer. For observers WDC and GPH, 
the threshold for zero size difference was estimated from 
the Stationary condition in the Expansions part of Expt 
1A. 
Dichoptic Expansions of the radius of the background 
pattern by + 1.8 arcmin (108 arcsec) had little effect on 
the stereoacuity threshold for WDC--from 8.8 to 
10.7 arcsec for 0 and 1.8 arcmin expansions, respec- 
tively. For observers EJH and GPH the increase in 
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disparity threshold for the 1.8 arcmin expansion relative 
to the unexpanded conllol patterns was slightly greater-- 
from 8.0 to 13.4arcsec for EJH and from 11.9 to 
22.6 arcsec for GPH. Larger dichoptic size differences, 
however, produced greater impairments in stereoacuity, 
with the stereoacuity ttresholds approaching the dichop- 
tic difference between the background patterns. When the 
dichoptic size difference approached 11 arcmin, the two 
half-images were no longer binocularly fusable, and the 
stereoacuity hresholds were similar to the background 
size difference. 
Dichoptic differences up to about 7 arcmin had no 
obvious effect on the., subjective appearance of the 
patterns, despite the decline in stereoacuity. The patterns 
appeared flat and easily fused until diplopia appeared at 
size differences of 7.2-10.8 arcmin. 
EXPERIMENT 4 TWO FORMS OF SECOND-ORDER 
DISPARITY 
Two separate second-order components of the spatial 
relation between target and background are (a) shearing 
deformations that alter collinearity along the vertical 
meridian [Fig. 2(B)], associated with vertical surface 
curvature; and (b) differential compression along the 
horizontal meridian [Fil~. 2(C)], associated with horizon- 
tal surface curvature. An additional distinction may also 
be made between second-order relations that are truly 2D, 
involving unified 2D sttlacture (described by fourth-order 
mixed partial derivatives) rather than two separate 
second-order relations in different dimensions. The 
background patterns in the preceding experiments 
provided both of the separate second-order components, 
and therefore cannot distinguish their respective and 
combined contributions. 
Several previous tudies of stereopsis have found that 
depth variations in the vertical direction are more visible 
than those in the horizontal direction (WaUach & Bacon, 
1976; Rogers & Graham, 1983; Gillam et al., 1984, 1988; 
Rogers & Cagenello, 1989; Mitchison & McKee, 1990; 
Gillam & Ryan, 1992; Cagenello & Rogers, 1993); and 
similar effects have been found for detecting depth from 
motion (e.g., Rogers & Graham, 1983; Norman & 
Lappin, 1992; Lappin et al., 1995). Lappin et al. (1995) 
found that shear constituted a visual primitive for 
detecting structure from motion, with detectability 
unaffected by noisy variations in lower-order structure, 
but differential compression did not meet his criterion as 
a visual primitive. 
In Expts 1-3, the tarlget point was positioned in depth 
above the background as if both were on a spherical 
surface, as illustrated in Fig. 2(D), entailing disparities in 
both of these second-order relationships. In Expt 4, 
however, both the background pattern and the implicit 
surface shapes were changed so that the disparity could 
be associated with either one but not both of these 
second-order components. The patterns were simplified 
to 5-point patterns, as illustrated in Fig. 2. In two separate 
conditions, the depth was associated with either a 
horizontally oriented cylinder, producing shear as shown 
in Fig. 2(B), or a vertically oriented cylinder, producing 
differential compression as shown in Fig. 2(C). 
Method 
Background patterns. The background serving as the 
spatial reference for the target was reduced to four dots-- 
two on the vertical meridian and two on the horizontal 
meridian, each at a radial distance of 30 arcmin from the 
target, resembling the illustrations in Fig. 2. 
Experimental conditions. Four separate xperimental 
conditions comprised two different depth-detection tasks 
and two dichoptic transformation conditions. The two 
tasks required detection of Differential Compression or 
Shear. Patterns in the two transformations were Sta- 
tionary or had changing Dichoptic perturbations of first- 
order structure. 
The Differential Compression detection task required 
discriminations between patterns that were either copla- 
nar or varied in depth along the horizontal meridian, as if 
produced by a vertical cylinder, as shown in Fig. 2(C). 
The Shear detection task required discriminations 
between patterns that were either coplanar or varied in 
depth along the vertical meridian, as if produced by a 
horizontally oriented cylinder, as shown in Fig. 2(B). 
Each of these detection tasks was performed with both 
Stationary and Dichoptic patterns. The Dichoptic patterns 
underwent globally coherent random perturbations of the 
pertinent first-order elationships. For the Differential 
Compression task the relevant first-order relations are the 
horizontal separations between the target and the two 
background ots on the horizontal meridian, and the 
relevant perturbation of these first-order elations is an 
isotropic expansion of the whole 5-dot pattern. The radial 
sizes of the two monocular half-images were indepen- 
dently expanded every 100 msec by 0 to ___2 arcmin 
(with 10 equiprobable values), yielding a maximum of 
___4 and an RMS of 1.8 arcmin horizontal disparity in the 
background. These expansions had no effect on the 
second-order differential compression. 
For the Shear detection task, the relevant first-order 
relation is the orientation of the dipole between the target 
and the vertical background ots. Random perturbations 
of these orientations were produced by globally rigid 2D 
rotations of the whole 5-dot pattern around the Z or depth 
axis. The two monocular half-images were independently 
rotated by up to ___3.82 deg, yielding a maximum of 
_ 4 arcmin and an RMS value of 1.8 arcmin differences 
in horizontal position of the top and bottom dots. 
Procedure. Each experimental session was dedicated 
to one of the four combinations of the detection task and 
transformation condition. The order of these sessions was 
randomized and replicated three times for each observer, 
with a different random order for each replication. Each 
session consisted of six blocks of four practice and 50 
experimental trials, each block dedicated to a single 
disparity that decreased in successive blocks. 
Observers. The two observers were the second author 
and a volunteer who had participated in other experi- 
ments. A smaller amount of data was also collected for 
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FIGURE 9. Psychometric functions in Expt 4 for detecting two forms of second-order disparity--shear nd differential 
compression--in both stationary and dichoptically changing patterns. Each data point represents 150 trials. 
the first author, with quantitatively similar esults, though true 2D differential specification of spatial position on a 
these data are not included below, curved surface (Craft, 1997). 
Results and discussion 
Figure 9 shows the results for each observer. Two 
principal results are evident: (1) Detectability was 
essentially the same for both Differential Compression 
and Shear. These two qualitatively different forms of 
second-order disparity were equally detectable and 
equally affected by perturbations of relevant first-order 
properties. Both components might contribute qually to 
detectability ofthe second-order disparities in Expts 1-3. 
(2) In contrast o the results of Expts 1-3, disparity 
detection was consistently worse for the Dichoptic than 
for the Stationary patterns. Thresholds for the Stationary 
patterns averaged 13.0 arcsec as compared with 26.6 arc- 
sec for the Dichoptic patterns. The average slope of the 
psychometric functions for the Dichoptic patterns was 
56% of that for the Stationary patterns. The increase in 
disparity thresholds with these perturbations of first-order 
properties uggests that neither of these second-order 
properties constitute visual primitives for these simple 
patterns. 
Even the Stationary thresholds for these patterns were 
slightly higher (by about 59%) than those for the same 
observers in Expt l(A). The reduced background patterns 
in this experiment seem to have provided less effective 
input to the disparity-sensitive m chanism than those in 
Expts 1-3--due to either the 1D variations in disparity, 
the reduced structure of the background patterns, or both. 
If the underlying visual mechanisms are sensitive to the 
2D second-order relations, as the other .results suggest, 
then perhaps the present 1D disparities provided less 
information. 
The results of Expt 4 are ambiguous, but subsequent 
experiments with more complex stereoscopic patterns 
have found bat both second-order components can be 
simultaneously effective and interdependent i  forming a 
GENERAL DISCUSSION 
These experiments examined the definition of binocu- 
larly disparate spatial positions. Binocular disparities are 
much more visible than nondisparate shifts in spatial 
position, and stereoacuity herefore serves as a remark- 
ably sensitive indicator for differences in spatial position. 
Conclusions about monocular spatial signals were based 
on the stereoacuity effects of dichoptic transformations of 
the monocular half-images, altering certain spatial 
relations while leaving others invariant. Specifically, 
dichoptic translations, rotations, expansions, and aniso- 
tropic expansions produced binocular differences in 
absolute retinal positions but had little effect on 
stereoscopic thresholds, which remained near 10 arcsec. 
The spatial relations invariant under these image 
transformations involve second-order differential struc- 
ture in 2D. Stereoacuity thresholds increased signifi- 
cantly, however, when this second-order 2D structure 
was perturbed. Threshold binocular disparity evidently 
entails such second-order 2D spatial relations, which 
define relative spatial positions in each of the monocular 
half-images. 
Five aspects of these findings merit discussion: (a) the 
scaling of disparities; (b) disparities of lower-order 
structure; (c) implications for perceiving shape; (d) 
neural mechanisms of spatial vision; and (e) binocular 
mechanisms. 
Scaling of disparity 
This study investigated the detectability but not the 
scaling of binocular disparity and perceived epth. The 
scaling of disparity may involve spatial relations in either 
the monocular half-images or fused binocular image that 
differ from those involved in the present detection 
experiments. Howard & Rogers (1995) (Ch. 7) and van 
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Ee & Erkelens (1995a) provide theoretical reviews of 
alternative systems of longitudinal and latitudinal 
coordinates for specifying azimuth and elevation posi- 
tions in the spherical monocular half-images. These are 
global coordinate systems pecifying metric relations 
within and between the two half-images. Different 
coordinate systems provide different scales of the relative 
directions and distances between points and different 
scales of binocular disparity. The present results do not 
distinguish between potential coordinate systems, but 
may suggest a different conception of the problem. 
The second-order differential relations defining the 
relative positions of target and background in the present 
experiments are intrinsic to the optical pattern, and do 
not depend on referen~ce to an extrinsic coordinate 
frame. These second-order 2D relations entail both 
phase relations and symmetries of reflection and 
collinearity, where the orientation and separation of 
any given pair of points may be scaled in relation to 
other pairs. Physiological information about such 
symmetries or phase relations requires merely local 
homogeneity and isotropy of the retinal coordinates, 
with no necessary mellic of spatial separation. The 
present results require such local homogeneities and 
isotropies over regions of only approx. 1 deg arc; but 
their dependence on spatial scale is an interesting 
unanswered question. The approximate invariance of 
perceived relative positions under dichoptic transforma- 
tions of position, orientation, and scale seems to 
challenge the role of a global metric coordinate system 
for scaling binocular disparities. 
Other experimental results indicate that the relation 
between disparity and perceived epth appears to be 
imprecise (McKee et al., 1990a; Norman et al., 1995). 
This imprecision of depth from disparity may suggest 
that binocular disparitie,; are not scaled by well-defined 
retinal coordinates. 
Important recent experiments by Rogers & Bradshaw 
(1995) and van Ee & Erkelens (1995b, 1996, 1997; van 
Ee, 1995) have obtained related results on the stability of 
stereoscopically perceived surfaces under dichoptic 
changes in first-order structure of large disparity fields. 
Both studies used much larger images (up to 80 and 
69 deg arc, respectively), larger and more visible dis- 
parities, and different judgmental tasks, but the results 
were qualitatively similar to the present results. Rogers 
and Bradshaw found that observers could accurately 
adjust he spatial distribution of disparities over a wide 
angle to correctly produce flat surfaces in frontal planes at 
different simulated viewing distances. This is a dramatic 
result because the changes in simulated viewing distance 
introduced large changes in binocular vergence and in 
both the horizontal and v,~rtical scales of retinal disparity, 
especially in the peripheral images. Rogers and Bradshaw 
suggest that horizontal disparities and depths are visually 
scaled in relation to vertical disparities which provide 
information about egocelatdc distance. Regardless of the 
visual sensitivities to vertical disparities and egocentric 
distances, however, flat and curved surfaces may be more 
directly distinguished by the second-order structure of the 
disparity field, invariant under linear changes in hor- 
izontal or vertical scales produced by changes in either 
slant or egocentric distance.* 
Van Ee & Erkelens (1995b) (van Ee & Erkelens, 
1996a, 1997) evaluated observers' judgments of surface 
slants in wide-angle stereoscopic mages subjected to 
dichoptic global transformations (especially horizontal 
scale and horizontal shear) associated with changes in 
binocular eye movements and relative viewing position. 
When a reference plane was visible, dichoptic transfor- 
mations of scale and shear produced predictable changes 
in perceived slant which were easily and accurately 
estimated, but without a visual reference, judgments of 
slant were unreliable, inaccurate, and required long 
viewing times and practice. These results indicate that 
binocular perception of surface structure is relatively 
insensitive to changes in the first-order structure of both 
the 1D (horizontal) and 2D disparity fields, as also found 
in the present study. 
The methods and results of both Rogers & Bradshaw 
(1995) and van Ee & Erkelens (1995b) (van Ee & 
Erkelens 1996, 1996a, 1997) complement and extend 
those of the present study. Both sets of investigators 
interpret heir results in terms of hypothesized retinal 
coordinate systems for scaling binocular disparity, 
though they favor different coordinate systems, and both 
sets of results appear compatible with the present 
hypothesis that disparity is defined on the intrinsic 
differential structures of the two optical half-images. In 
any case, more remains to be learned about relations 
between the scales of disparities, perceived epths, and 
surface structure. 
Disparities of lower-order structure 
The five alternative hypotheses about monocular 
spatial positions and binocular disparities are not 
mutually exclusive. The present evidence demonstrates 
that the lower-order spatial relations postulated by 
Hypotheses 1-4 are not necessary for stereoacuity, 
because binocular correspondences of these properties 
may be disrupted within a range of about 1.5-2 arcmin 
with very little effect on stereoacuity, but this does not 
show that stereopsis is insensitive to such spatial 
relations. Some aspects of the present results suggest 
that stereopsis i  influenced by lower-order properties: 
Expt 3 found that stereoacuity declined precipitously as 
the binocular radial size differences increased from about 
2 to 10 arcmin; and binocular fusion failed when these 
*These brief comments about symmetries and invariance under linear 
coordinate transformations implicitly assume that he surface patch 
is sufficiently small relative to the viewing distance, so that 
nonlinear scale changes associated with perspective can be 
neglected. These comments can be generalized to include 
perspective transformations if the scaling of space is derived from 
the distribution of optical stimulation, rather than from extrinsic 
coordinates fixed by the retinal and neural substrate, as supported 
by the results of Lappin & Love (1992) and Lappin & AhlstrOm 
(1994). 
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binocular size differences reached about 7-10 arcmin. 
The "induced effect" observed in Expt 1A--where 
anisotropic Dichoptic Vertical Expansions produced 
perceived slant around the vertical axis but isotropic 
Dichoptic Expansions did not--suggests that stereopsis i  
sensitive to deformations of first-order 2D structure (see 
Gillam & Lawergren, 1983; Mayhew & Longuet- 
Higgins, 1982; Rogers & Koenderink, 1986). On the 
other hand, many other studies have found that absolute 
depth and slant are poorly detected and discriminated 
without a visible reference (Gillam et al., 1988; Howard 
& Kaneko, 1994; McKee et al., 1990a; Mitchison & 
McKee, 1990; Norman et al., 1995; Regan et al., 1986; 
Rogers & Bradshaw, 1995; van Ee & Erkelens, 1996a,b). 
Such visual referents may be regarded as second-order 
structure. Stereoscopic sensitivity to either zero- or first- 
order binocular disparities remains questionable. 
Perception of shape 
The present evidence complements other recent 
research and theory on the perception of shape from 
motion. When a smooth surface is rigidly rotated in 
depth, the second-order spatial-differential structure of 
the velocity field at a given image location specifies the 
qualitative shape of the corresponding surface patch 
(Koenderink & van Doom, 1992b; Dijkstra et al., 1994), 
as illustrated in Fig. 2. A local surface shape is defined by 
the two principal curvatures. Each of these curvatures 
depends on the scale of the depth axis normal to the 
surface and cannot be determined from either image 
velocities (first-order temporal derivatives) or stereo- 
scopic disparities. Dijkstra et al. show, however, that the 
ratio of these two curvatures i  directly measurable in the 
velocity and disparity fields, invariant under changes in 
first-order structure associated with the object's 3D 
attitude and distance from the observer. This ratio of 
the principal curvatures provides a scale-free measure of 
the qualitative local surface shape, distinguishing planar, 
parabolic (cylindrical), elliptic (hills and valleys), and 
hyperbolic (saddle-shaped) patches. Perotti et al. (1997) 
found that human observers could accurately identify the 
surface shapes pecified by such second-order structure 
of optic flow, independent of first-order components 
associated with curl, divergence, or shear. 
The present results extend this and other evidence that 
human vision is sensitive to surface shape, suggesting 
that such structure defines patial positions of individual 
features in the monocular images, prior to binocular 
combination. 
Julesz' s (Julesz, 1971) experiments--where cyclopean 
surfaces are obtained from the stereoscopic fusion of 
random-dot stereograms----clearly demonstrate hat sur- 
face structure is also constructed after binocular fusion. 
Surface shape is visually important, and if vision is 
sensitive to this form of space-differential structure of the 
retinal images, then one would expect hat subsequent 
physiological processes would maintain and continue to 
refine such spatial information. 
Hypotheses about visual mechanisms 
The complexity of these second-order 2D character- 
istics of position and disparity appears to exceed 
capabilities usually attributed to the neural mechanisms 
of vision. The underlying mechanisms are not yet known, 
of course, but the present results suggest several 
hypotheses: 
1. Spatial positions in the two half-images are defined 
in relation to the surrounding optical pattern, rather 
than by reference toextrinsic retinal coordinates and 
local signs. The intrinsic nature of this spatial 
structure is indicated by its stability under dichoptic 
linear transformations of position and scale. 
2. Information about 3D shape is contained in the 
monocular spatial signals, which entail the second- 
order differential structure of the optical pattern. 
The present results uggest that perceived 3D shape 
need not be cortically reconstructed from properties 
defined on retinal coordinates. 
3. Spatial positions of individual features may be 
specified by inhibitory and excitatory interactions 
among neighboring neurons; univariate responses of 
individual neurons appear insufficient for represent- 
ing the 2D structure indicated by these results. 
Population encoding by additive combinations of 
lower-order receptive fields also seem insufficient 
for representing second-order relations invariant 
under both isotropic and anisotropic expansions. 
Widely connected multi-local mechanisms seem 
necessary torepresent fine-grained spatial relations 
among widely separated discrete dots. 
4. The second-order spatial relations entail symme- 
tries, which might be detected by neural mechan- 
isms sensitive to the balance of neurophysiological 
activity surrounding any given location. As illu- 
strated in Fig. 2, stereoscopic mages of curved 
surfaces involve alterations of two forms of bilateral 
symmetry: (a) mirror reflections of horizontal 
positions; and (b) collinearity along the vertical 
dimension, involving the translational symmetry of 
a linear axis of reflective symmetry. The disparity 
field associated with a textured flat surface patch has 
bilateral symmetry around the vertical axis, regard- 
less of its slant in depth, but curved surfaces yield 
asymmetries with a form specific to the qualitative 
surface shape. Such asymmetries might specify 
texture patterns in the monocular half-images, as 
well as in the disparity field. 
5. The second-order relations indicated by these results 
are also associated with phase structures of both the 
monocular half-images and disparity fields--insofar 
as the 1D phase spectrum is determined (up to 
translation) by the 3-point autocorrelation function 
of an image (Yellott, 1993), and the 2D phase 
spectrum would be associated with 5-point statis- 
tical characteristics. The present results appear 
compatible with physiological (Freeman & Ohzawa, 
1990; Ohzawa et al., 1990; DeAngelis et al., 1995), 
psychophysical (Smallman & MacLeod, 1994), and 
DEFINITION AND DETECTION OF BINOCULAR DISPARITY 2971 
computational (Fleet & Jepson, 1993; Fleet et al., 
1996) results implicating phase structure in bino- 
cular disparity. The relatively wide spatial separa- 
tions over which these phase relations are 
maintained--about 400 times larger than the 
stereoscopically detectable image displacements-- 
suggest an important contribution of additional 
information about intrinsic spatial position within 
the optical patte~L and the likely importance of 
broad-band spatial frequency components of the 
discrete dots in the present experiments. 
An additional reason for thinking that binocular 
disparity involves phase relations is based on the large 
gain in stereoacuity for binocular disparity as compared 
with acuity for nondisparate half-images, as discussed 
below. 
Stereoacuity and binocular coherence 
One of the striking phenomena documented in the 
present results as in previous studies (Berry, 1948; 
Westheimer, 1979; Wesflaeimer & McKee, 1979; McKee 
et al., 1990b) is the impressive spatial resolution 
achieved by stereosopic vision. Thresholds for disparate 
spatial shifts (measuredL within each half-image) were 
found in Expt 2 to be an order of magnitude smaller than 
those for nondisparate shifts, about 4 and 40 arcsec, 
respectively. We have ~Llso found quantitatively similar 
effects for feature separations up to at least 4 deg (Craft, 
1997). Because this stereoacuity gain persists under 
dichoptic image transformations, and because both stereo 
and nonstereo thresholds cale with the size of the 
pattern, the monocular ,;patial signals involve extensive 
relations among the component features in each half- 
image. 
These results reinforce Legge and Gu's (Legge & Gu, 
1989) conclusion that positional noise is highly corre- 
lated between the two monocular signals. The present 
study extends previous results by showing that the 
underlying position signals incorporate the differential 
structure of the surrounding pattern. Correlation of the 
two monocular position signals is necessary to explain 
the improvement of stereoacuity for the same patterns-- 
otherwise, binocular comparison could bring no im- 
provement in acuity. This interocular correlation is also 
necessary to explain how such stereoacuity could be 
achieved through binocular fusion, when the 2-point 
resolution threshold for optically combined images is 
approximately 1 arcmin, essentially the diffraction limit 
for a 2 mm pupil. 
The retinal image of an optical point source stimulates 
a set of photoreceptors ver an area more than 2 arcmin in 
diameter, due to the point spread function of the human 
eye (see Geisler, 1989). If two such images are 
uncorrelated and optically superimposed, then the 2- 
point resolution threshold is about 1 arcmin. Subtracting 
the two images also cannot account for the present 
results, where monocular images were randomly trans- 
lated and expanded relative to each other. If two such 
images are coherent, however, then superposition can 
yield a large improvement in resolution owing to phase 
interference. "Coherence" in this case would mean that 
differences in the relative stimulation at neighboring 
photoreceptors are correlated between the two images. 
Stereopsis evidently involves just such coherence 
between the two binocular images. 
This stereoscopic phenomenon superficially resembles 
the improved resolution obtained by synthetic aperture 
imaging systems, where the angular esolution threshold 
(in radians) is approximately 2/d, where 2 is the wave- 
length and d is the distance between the coherent images 
at two spatially displaced receivers (see Gabor, 1966; 
Mrller, 1988; Readhead, 1982). In optical systems the 
improved resolution results from interference between 
two electromagnetic s gnals for which the path lengths 
and corresponding temporal phase differences are 
inversely proportional to the distance between two 
receivers. 
The binocular mechanism of stereoscopic acuity 
differs from optical interference, though it too must 
involve coherent phase relations between physiological 
signals from the two monocular images. Interestingly, 
stereoacuity is similar to what would be obtained by 
combining fully coherent images from two receivers 
separated by the interocular distance, if the underlying 
wavelength were 5 mm (corresponding to 1 arcmin, 
approximately twice the horizontal separation between 
cones in the central fovea; Williams, 1988). That is, 
5/~m/65 mm= 0.0000769 radians --- 7.9 arcsec. We do 
not know any physical rationale for this relationship, but 
it seems an interesting coincidence. 
In any case, the hypothesized binocular correlation of 
the fine-grained monocular phase structure seems a 
marvellous achievement. This coherence is all the more 
remarkable, considering that it is maintained under 
dichoptic random translations and expansions over the 
retinal mosaic, and that the monocular signals must have 
a spatial correlation length of 1/2 deg or more to carry 
precise information about the relative spacing among 
optical features separated by that amount. Other evidence 
that the visual physiology may achieve such spatial 
coherence is provided by Williams' (Williams, 1988) 
psychophysical analyses of visible effects of the spacing 
and spatial regularity of foveal cones, where information 
about the topography of the foveal cone mosaic is 
maintained from retina to subjective xperience. The 
emerging picture is that the loss of spatial information by 
the physiology of vision is near the lower limit of 
physical possibility ! 
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